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SUMMARY': The state-of-the-art in the areas of delamination characterization, interlaminar fracture
mechanics analysis tools and experimental verification of life predictions is demonstrated using
skin/stringer debonding failure as an engineering problem to describe the overall methodology.
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INTRODUCTION

Many composite components in aerospace structures are made of flat or curved panels with co-cured
or adhesively-bonded frames and stiffeners. A consistent step-wise approach has been developed over the
last decade which uses experiments to detect the failure mechanism, computational stress analysis to
determine the location of first matrix cracking and computational fracture mechanics to investigate the
potential for delamination growth. Testing of thin skin stiffened panels designed for aircraft fuselage
applications has shown that bond failure at the tip of the frame flange is an important and very likely
failure mode as shown in Figure 1 [1]. Debonding also occurs when a thin-gage composite fuselage panel
is allowed to buckle in service. Comparatively simple specimens consisting of a stringer flange bonded
onto a skin have been developed to study skin/stiffener debonding [2, 3] (Figure 2a). The failure that
initiates at the tip of the flange in these specimens (as shown in Figure 2b) is identical to the failure
observed in the full-scale panels and the frame pull-off specimens [1, 4].

The objective of this paper is to demonstrate the state-of-the-art in the areas of delamination
characterization, interlaminar fracture mechanics analysis tools and experimental verification of life
predictions. The advances required in all three areas in order to reach the level of maturity desired for
implementation of this methodology for design and certification of composite components are
highlighted. The skin/stringer debonding failure was selected as an engineering problem to demonstrate
the overall methodology.

INTERLAMINAR FRACTURE MECHANICS

Interlaminar fracture mechanics has proven useful for characterizing the onset and growth of
delaminations [5-7]. The total strain energy release rate, G, the mode | component due to interlaminar
tension, G,, the mode Il component due to interlaminar sliding shear, G, and the mode Il component,
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G, due to interlaminar scissoring shear, as shown in Figure 3, need to be calculated. In order to predict
delamination onset or growth for two-dimensional problems, these calculated G components are
compared to interlaminar fracture toughness properties measured over a range of mode mixities from pure
mode | loading to pure mode Il loading [8-11]. A quasi static mixed-mode fracture criterion is determined
by plotting the interlaminar fracture toughness, G, versus the mixed-mode ratio, G,/Gr, determined from
data generated using pure Mode | DCB (G,/G+=0), pure Mode Il 4ENF (G,/Gt=1), and mixed-mode
MMB tests of varying ratios as shown in Figure 4. A curve fit of these data is performed to determine a
mathematical relationship between G, and G,/Gr. Failure is expected when, for a given mixed mode ratio
Gy /Gr, the calculated total energy release rate, Gy, exceeds the interlaminar fracture toughness, G. In
order to predict delamination onset or growth for three-dimensional problems the entire failure surface
G=G¢ (G, Gy, Gy) as shown in Figure 5 is required. Although several specimens have been suggested
for the measurement of the mode Il interlaminar fracture toughness property [12-14], an interaction
criterion incorporating the scissoring shear, however, has not yet been established. The edge-cracked
torsion test (ECT) appears to be the most likely candidate for standardization [15].

The methodology has been extended to predict fatigue delamination onset life [4, 16, 17] but to date
a standard only exists for the Mode | DCB test [18]. Interlaminar fracture mechanics has also been used to
characterize the extension or growth of delaminations when subjected to fatigue loading [19]. In analogy
with metals, delamination growth rate can therefore be expressed as a power law function. However, the
exponent is typically high for composite materials compared to metals and standards for the measurement
of fatigue delamination growth have not yet been established [20]. In view of the uncertainties related to
the high exponents of the delamination grow rate, it has been suggested to design to levels below a
threshold stain energy release rate to ensure no delamination growth.

ANALYSIS TOOLS

A variety of methods are used to compute the strain energy release rate based on results obtained
from finite element analysis. For delaminations in laminated composite materials where the failure
criterion is highly dependent on the mixed-mode ratio (as shown in Figure 4) the virtual crack closure
technique (VCCT) [21, 22] has been most widely used for computing energy release rates. Results base
on continuum (2-D) and solid (3-D) finite element analyses provide the mode separation required when
using the mixed-mode fracture criterion.

The mode I, and mode I components of the strain energy release rate, G,, G,; are computed as shown
in Figure 6 for a 2-D eight-noded element as an example of VCCT. The terms X’;, Z’; are the forces at the
crack tip at nodal point i and u’,, w’, (U’ ~, W’ «) are the displacements at the corresponding nodal points ¢
and ¢" behind the crack tip. Similar definitions are applicable for the forces at nodal point j and
displacements at nodal points m and m”. For geometric nonlinear analysis where large deformations may
occur, both forces and displacements obtained in the global coordinate system need to be transformed into
a local coordinate system (x', z") which originates at the crack tip as shown in Figure 6. The local crack tip
system defines the tangential (x', or mode I1) and normal (z', or mode 1) coordinate directions at the crack
tip in the deformed configuration. The extension to 3-D is straight forward and the total energy release
rate G is calculated from the individual mode components as Gt =G, +G,; +G,;;, where G;;; =0 for the
two-dimensional case shown in Figure 6.

In spite of its simplicity, the virtual crack closure technique has been used mainly by scientists in
universities, research institutions and government laboratories and is usually implemented in their own
specialized codes or used in post-processing routines in conjunction with general purpose finite element
codes [22]. A more widely spread application of the methodology for the prediction of delamination onset
and growth described above is hindered today by the fact that the virtual crack closure technique has not
yet been implemented into any of the large commercial general purpose finite element codes such as MSC
NASTRAN, ABAQUS, and ANSYS which are used in industry. In order to increase the use and
acceptance of the methodology described, it will be necessary to implement VCCT as an integral part of a
finite element code including appropriate input capabilities which allow simple definition of a 2-D crack



front or a 3-D delamination contour. The implementation of suitable graphical output for post processing
such as arrow plots is also required. For delamination propagation analysis and the determination of the
shape of a growing front adaptive mesh refinement techniques and the implementation of a moving mesh
algorithm will be required [23].

EXPERIMENTAL VERIFICATION OF LIFE PREDICTION METHOD

The methodology based on fracture mechanics has been used with limited success in the past
primarily to investigate delamination onset and debonding in fracture toughness specimens (such as
Double Cantilever Beam Specimen) and laboratory size coupon type specimens (such as the skin/stringer
debond specimen) as shown in Figure 7. Future acceptance of the methodology by industry and
certification authorities however, requires the successful demonstration of the methodology on
subcomponent and eventually structural level such as a stringer stiffened panel shown in Figure 7.

On coupon size level, the current focus has been on testing and modeling of the skin/stiffener debond
specimen which consisted of a bonded skin and flange assembly as shown in Figure 2a. Quasi-static
tension and fatigue tests as well as static three-point bending test (as shown in Figure 7) were performed.
The tests were terminated when the flange debonded from the skin. Damage was documented from
photographs of the polished specimen edges at each of the four flange corners identified in Figure 2b. The
damage at corners 2 and 3, formed first and consisted of a matrix crack in the 45° skin surface ply and a
delamination at the +45°-45° interface [4]. The deformed three-dimensional model of the specimen with
load and boundary conditions is shown in Figure 8a. The specimen was modeled using ABAQUS® solid
twenty-noded hexahedral elements C3D20R. For the simulation of the tension test, a two-dimensional
model was extruded into twenty elements across the width of the specimen, with a refined zone near the
free edges as shown in Figures 4b. The fact that the delamination changed across the specimen width
from a delamination running at the skin surface 45°/-45° layer interface to a delamination propagating in
the bondline above (see Figure 2b), however, was not accounted for in this model. Nevertheless, the
three-dimensional model takes width effects into account and, therefore, provided insight into the
limitations of the use of the two-dimensional finite element models used earlier [24].

During a series of nonlinear finite element analyses, strain energy release rates were computed at
each front location for the loads applied in the experiments. A three-dimensional plot of the distribution
of the energy release rate across the width of the specimen is shown in Figure 8c. Along the length (x-
coordinate) it was observed that after a small initial drop the computed total energy release rate increases
sharply with delamination length, reaches a peak value and gradually decreases. Across the width (z-
coordinate) the computed total energy release rate gradually increases with z before it first drops off near
the free edges and then sharply increases in the zone of the mesh refinement in the immediate vicinity of
the free edges (z=0.0 mm and z=25.4 mm). For three-dimensional analysis, Gs is introduced, which
denotes the sum of the in-plane shearing components G;+G,;;. Also the definition of the mixed-mode ratio
is modified to Gs /G;. For two-dimensional analyses, where Gj=0, this definition is equal to the
previously used definition of the mixed mode ratio, G, /G+. A three-dimensional plot of the distribution of
the mixed-mode ratio Gs/Gr across the width of the specimen is shown in Figure 8d. Along the length (x-
coordinate) it was observed that the delamination initially starts with high shearing components, followed
by a drop which is equivalent to an increase in opening mode I. For longer delaminations a gradual
increase in shearing components is observed. Across the width (z-coordinate) the computed mixed mode
ratio indicated high shearing components near the edges, followed by a drop toward the center of the
specimen, which is equivalent to an increase in opening mode | [25].

Three-dimensional finite element models have been used to study the behavior from small scale
fracture toughness testing specimens as shown in Figure 9a to larger and more complex coupon size
specimens discussed above. Since many layers of brick elements through the specimen thickness are often
necessary to model the individual plies, the size of finite element models required for accurate analyses
may become prohibitively large as demonstrated in the example of the skin/stringer specimen. For
detailed modeling and analysis of the damage observed during the experiments, therefore, a shell/3-D



modeling technique appears to offer a great potential for saving modeling and computational effort
because only a relatively small section in the vicinity of the delamination front needs to modeled with
solid elements. The technique combines the accuracy of the full three-dimensional solution with the
computational efficiency of a plate or shell finite element model, which has been demonstrated for
various applications [26]. The deformed shell/3-D model of the skin/stringer specimen subjected to three-
point bending is shown in Figure 9b. The global section was modeled with ABAQUS® reduced integrated
eight-noded quadrilateral shell elements S8R. The local three-dimensional model extended about three
skin thicknesses on the side where the delamination originated from the matrix crack in the top 45° skin
surface ply and extended to about three skin plus flange thicknesses beyond the maximum delamination
length modeled. The local three-dimensional section was almost identical to the equivalent segment of the
full three-dimensional model shown in Figure 8. Computed total strain energy release rates and mixed
mode ratios were in good agreement with the results from full 3-D analysis. Details of the analysis are
given in reference [25].

For the successful demonstration of the methodology on structural level the stringer stiffened panel
shown in Figure 7 was selected. The 1,016-mm by 1,016-mm wide panel is reinforced with three stringers
and is subjected to pure shear loading which causes the panel to buckle. The resulting out-of-plane
deformation initiates the skin/stringer separation. The deformed shell model of the stringer stiffened panel
with load and boundary conditions is shown in Figure 9c. The shell/3-D modeling technique offers great
potential for limiting the model size because only a relatively small section in the vicinity of the
delamination front needs to be modeled with solid elements. Only the debonded section at the termination
of the center stiffener (as shown in the detail) is replaced by a local three-dimensional model. The local
three-dimensional model is used to obtain forces and displacements at the delamination front to perform
VCCT. The remaining structure stays unaffected which results in a shell/3-D model similar to the model
of the skin/stringer specimen shown in Figure 9b. Computed total strain energy release rates and mixed
mode ratios are computed for a range of delamination lengths and correlated to the mixed-mode failure
criterion in Figure 4. This task is currently performed under the Survivable, Affordable, Reparable
Airframe Program (SARAP).

CONCLUDING REMARKS

Progress has been made in the areas of delamination characterization, interlaminar fracture
mechanics analysis tools and experimental verification of life predictions. A methodology based on
interlaminar fracture mechanics has been applied with limited success to investigate delamination onset
and debonding in fracture toughness specimens and laboratory size coupon type specimens based on
rotorcraft dynamic and airframe components. Future acceptance of the above methodology by industry
and certification authorities requires advances in all areas in order to reach the level of maturity desired
for implementation of this methodology for design and certification of composite components.
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Figure 1: Cobonded skin/stringer configuration with typical failure at flange tip.
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Figure 2: Skin/stringer debond specimen.
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